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Fermion masses
Introduction

The fermion masses reported in [1] are

Family Particle Mass

1
u
d
e

2.2+0.6
−0.4 MeV

4.7+0.5
−0.4 MeV

0.511 MeV

2
c
s
µ

1.27± 0.03 GeV
96+8
−4 MeV

105.7 MeV

3
t
b
τ

173.21± 0.71 GeV
4.18+0.04

−0.03 GeV
1.776 GeV

SF Mantilla S |



3

Fermion mass hierarchy (FMH)
Introduction
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c, b, τ Units of GeV t Hundreds of GeV
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Chiral anomaly equations
Abelian Extensions

The FMH might be addressed by nonuniversal abelian extensions.
However, the new model may not cancel chiral anomalies at each
family but when the three are taken into account. It is possible new
exotic quarks and leptons should be added to ensure
cancelation[2, 3].[
SU(3)C

]2 U(1)X → AC =
∑

Q

XQL
−
∑

Q

XQR[
SU(2)L

]2 U(1)X → AL =
∑
`

X`L + 3
∑

Q

XQL

[
U(1)Y

]2 U(1)X → AY 2 =
∑
`,Q

[
Y 2
`L

X`L + 3Y 2
QL

XQL

]
−
∑
`,Q

[
Y 2
`R

XLR + 3Y 2
QR

XQR

]
U(1)Y

[
U(1)X

]2 → AY =
∑
`,Q

[
Y`L X 2

`L
+ 3YQL

X 2
QL

]
−
∑
`,Q

[
Y`R X 2

`R
+ 3YQR

X 2
QR

]
[
U(1)X

]3 → AX =
∑
`,Q

[
X 3
`L

+ 3X 3
QL

]
−
∑
`,Q

[
X 3
`R

+ 3X 3
QR

]
[Grav]2 U(1)X → AG =

∑
`,Q

[
X`L + 3XQL

]
−
∑
`,Q

[
X`R + 3XQR

]
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Suppresion square texture (SST)

The simplest example of the SST comprises two fermions f and F
coupled by two Higgs scalars φ1,2 with the vacuum hierarchy (VH)
v1 < v2. The Yukawa Lagrangian is

−LY = AeiafLφ1 (sαfR + cαFR) + BeibFLφ2 (sβ fR + cβFR) + h.c.,

where the Yukawa coupling constants are parametrized in polar
coordinates, i.e., the coupling constant among fL, FR and φ1 is Aeiacα.
The corresponding mass matrix after evaluating at the VEVs is

MSST =

(
Aeiav1 sinα Aeiav1 cosα
Beibv2 sinβ Beibv2 cosβ

)
.
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Suppresion square texture (SST)

The mass eigenvalues as well as the mixing angle of the left-handed
fermions are obtained by diagonalizing the matrix MM†. The
eigenvalues and the mixing angle of the left-handed fermions are

m2
f ≈ A2v2

1 sin2(α− β),

m2
F ≈ B2v2

2 + A2v2
1 cos2(α− β),

The suppression in the first eigenvalue of the matrix through the sine
of the difference between α and β, and the enhancement of the
second eigenvalue because of the addition of the complementary
function of the first eigenvalue make the SST an appealing structure
to address FMH.
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Scalar fields
Particle content

Doublets X± Singlets X±

Φ1 =

(
φ+1

h1+v1+iη1√
2

)
+ 2/3

+
χ =

ξχ+vχ+iζχ√
2

+ 1/3
+

Φ2 =

(
φ+2

h2+v2+iη2√
2

)
+ 2/3

−
ψ =

ξψ+vψ√
2

0−

Φ3 =

(
φ+3

h3+v3+iη3√
2

)
+ 1/3

+
σ + 1/3

−

The scalar sector is composed by three Higgs doublets with

v2
1 + v2

2 + v2
3 = (246 GeV)2

,

and two Higgs singlets χ and ψ which break the new abelian
symmetry U(1)X and give masses to non-SM fermions. Additionaly,
the VH assumed to obtain the FMH is[4]

vχ Units of TeV v1 Hundreds of GeV
vψ Hundreds of GeV v2 Units of GeV
µN Units of keV v3 Hundreds of MeV
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Quarks
Particle content

Left-handed X± Right-handed X±

SM Quarks

q1
L =

(
u1

d1

)
L

0+ u1
R

d1
R

+ 2/3+

− 2/3+

q2
L =

(
u2

d2

)
L

+ 1/3−
u2

R

d2
R

+ 2/3−

− 1/3−

q3
L =

(
u3

d3

)
L

+ 1/3+
u3

R

d3
R

+ 2/3+

− 1/3−

Non-SM quarks
T 1

L

T 2
L

+ 1/3−

+1−
T 1

R

T 2
R

+ 2/3−

+ 4/3−

J 1
L

J 2
L

− 1/3+

0+
J 1

R

J 2
R

− 2/3+

+ 1/3+
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Up-like quarks Yukawa Lagrangian
Up-like quarks mass matrix

The most general Yukawa Lagrangian invariant under U(1)X ⊗ Z2 in
the up-like quark sector is

−LY ,U = AUeiaU q1
LΦ̃3

(
sU
αu1

R + cU
αu3

R
)

+

+ BUeibU q1
LΦ̃2

(
sU
β u2

R + cU
β T 1

R
)

+

+ CUeicU q2
LΦ̃1

(
sU
γ u2

R + cU
γ T 1

R
)

+

+ DUeidU q3
LΦ̃1

(
sU
δ u1

R + cU
δ u3

R
)

+

+ EUeieUT 1
L χ
∗ (sU

ε u2
R + cU

ε T 1
R
)

+

+ FUeifU sU
ζ2T 2

L χ
(
sU
ζ1u2

R + cU
ζ1T 1

R
)

+ FUeifU cU
ζ2T 2

L χ
∗T 2

R + h.c.

(1)
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Mass eigenvalues
Up-like quarks mass matrix

MU =
1
√

2


AUeiaU sU

αv3 BUeibU sU
β v2 AUeiaU cU

αv3 BUeibU cU
β v2 0

0 CUeicU sU
γ v1 0 CUeicU cU

γ v1 0
DUeidU sU

δ v3 0 DUeidU cU
δ v3 0 0

0 EUeieU sU
ε vχ 0 EUeieU cU

ε vχ 0
0 0 0 0 FUeifU vχ


By taking advantage of the VH , the eigenvalues of MUM†U are

m2
u ≈ A2

U sin2
(
αU − δU

) v2
3

2
,

m2
c ≈ B2

U sin2
(
βU − εU

) v2
2
2

+ C2
U sin2

(
γU − εU

) v2
1
2
,

m2
t ≈ D2

U
v2

1
2

+ A2
U cos2

(
αU − γU

) v2
3

2
,

m2
T1 ≈ E2

U
v2
χ

2
+ B2

U cos2
(
βU − εU

) v2
2
2

+ C2
U cos2

(
γU − εU

) v2
1
2
,

m2
T2 ≈ F 2

U
v2
χ

2
.
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Down-like quarks Yukawa Lagrangian
Down-like quarks mass matrix

The most general Yukawa Lagrangian invariant under U(1)X ⊗ Z2 in
the down-like quark sector is

−LY ,D = ADeiaD q1
LΦ3

(
sD
αd1

R + cD
αJ 1

R
)

+

+ BDeibD q2
LΦ3

(
sD
βd2

R + cD
β d3

R
)

+ CDeicD q3
LΦ2

(
sD
γ d2

R + cD
γ d3

R
)

+

+ DDeidDJ 1
L χ
(
sD
δ d1

R + cD
δ J 1

R
)

+ EDeieDJ 1
L ψ
(
sD
ε d2

R + cD
ε d3

R
)

+

+ FDeifDJ 2
L χ
∗J 2

R + h.c.

(2)
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Mass eigenvalues
Down-like quarks mass matrix

MD =
1
√

2


ADeiaD sD

αv3 0 0 ADeiaD cD
αv3 0

0 BDeibD sD
βv3 BDeibD cD

β v3 0 0
0 CDeicD sD

γ v2 CDeicD cD
γ v2 0 0

DDeidD sD
δ vχ EDeieD sD

ε vψ EDeieD cD
ε vψ DDeidD cD

δ vχ 0
0 0 0 0 FDeifD vχ


By taking advantage of the VH , the eigenvalues of MDM†D are

m2
d ≈ A2

D sin2(αD − δD)
v2

3

2
,

m2
s ≈ B2

D sin2(βD − γD)
v2

3

2
,

m2
b ≈ C2

D
v2

2
2

+ B2
D cos2(βD − γD)

v2
3

2
,

m2
J1 ≈ D2

D
v2
χ

2
+ E2

D

v2
ψ

2
+ A2

D cos2
(
αU − δU

) v2
3

2
,

m2
J2 ≈ F 2

D
v2
χ

2
.
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Leptons
Particle content

Left-handed X± Right-handed X±

SM Leptons + RH neutrinos

`e
L =

(
νe

ee

)
L

− 2/3+
νe

R
ee

R

+ 1/3+

− 4/3+

`µL =

(
νµ

eµ

)
L

− 1/3−
νµR
eµR

0−

−1−

`τL =

(
ντ

eτ

)
L

−1+ ντR
eτR

− 1/3−

− 4/3+

Non-SM Leptons and Majorana
E1

L

E2
L

E3
L

+1−

−1+

+ 5/3−

E1
R

E2
R

E3
R

+ 4/3−

− 4/3+

+ 4/3−

Majorana
N 1

R

N 2
R

N 3
R

0+

0−

0+
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Neutral Leptons Yukawa Lagrangian
Neutral leptons mass matrix

The most general Yukawa Lagrangian invariant under U(1)X ⊗ Z2 in
the neutral lepton sector is

−LY ,N = BN1`2
LΦ̃2ν

e
R + DNν

e
R

CχN R+

+ AN1`1
LΦ̃2ν

µ
R + BN2`2

LΦ̃1ν
µ
R + E ′Nν

µ
R

C
ψN R+

+ AN2`1
LΦ̃1ν

τ
R + CN`

3
LΦ̃3ν

τ
R + F NντR

CχN R+

+
µN
2

N C
RGNN R + h.c.

(4)
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Majorana neutrino mass matrix
Neutral leptons mass matrix

MN =

 0 MT
ν 0

Mν 0 MT
N

0 MN MN

 ,

withMν as the Dirac mass matrix between νL and νR

Mν =
1√
2

 0 AN1v2 AN2v1
BN1v2 BN2v1 0

0 0 CNv3

 ,

MN the Dirac mass matrix between νC
R and NR

MN =
vχ√

2

DN1 DN2 DN3
EN1 EN2 EN3
FN1 FN2 FN3

 ,

where EN1 = ρψE ′N1 with ρψ = vψ/vχ, and MN = GNµN is the
Majorana mass of NR with µN the scale of the Majorana mass.
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Mass eigenvalues
Neutral leptons mass matrix

The inverse seesaw, together with the VH yield a massless neutrino,
ν1

L , and two light neutrinos, ν2
L and ν3

L ,

m2
ν2 ≈

B2
N2GN2

E2
N2

µNv2
1

v2
χ

−
2AN1B3

N2EN1GN2GN4

GN2(A2
N2E2

N2GN1 − B2
N2D2

N1GN2)

µNv1v2

v2
χ

,

m2
ν3 ≈

A2
N2GN1

D2
N1

µNv2
1

v2
χ

+
2AN1A2

N2BN2GN2GN1GN4

EN1(A2
N2E2

N2GN1 − B2
N2D2

N1GN2)

µNv1v2

v2
χ

,

and the masses of the exotic species

mN1
R

= D1N
vχ√

2
− GN1µN

2
, mÑ1

R
= D1N

vχ√
2

+
GN1µN

2
,

mN2
R

= E2N
vχ√

2
− GN2µN

2
, mÑ2

R
= E2N

vχ√
2

+
GN2µN

2
,

mN3
R

= F3N
vχ√

2
− GN3µN

2
, mÑ3

R
= F3N

vχ√
2

+
GN3µN

2
.
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Charged Lepton Yukawa Lagrangian
Charged leptons mass matrix

The most general Yukawa Lagrangian invariant under U(1)X ⊗ Z2 in
the down-like quark sector is

−LY ,E = AEeiaE `1
LΦ3

(
sE
α1sE

α2ee
R + cE

α1sE
α2eτR + cE

α2E2
R
)

+

+ CEeicE `3
LΦ1

(
sE
γ1sE

γ2ee
R + cE

γ1sE
γ2eτR + cE

γ2E2
R
)

+

+ BEeibE `2
LΦ3eµR + DEeidEE1

Lχ
(
sE
δ E1

R + cE
δ E3

R
)

+

+ EEeieEE2
Lχ
(
sE
ε1sE

ε2ee
R + cE

ε1sE
ε2eτR + cE

ε2E2
R
)

+

+ FEeifEE2
LψeµR + GEeigEE3

Lχ
(
sE
ζ E1

R + cE
ζ E3

R
)

+ h.c.

(5)
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Mass eigenvalues
Charged leptons mass matrix

ME =
1
√

2



AE sE
α1sE

α2v3 0 AE cE
α1sE

α2v3 0 AE cE
α2v3 0

0 BE v3 0 0 0 0
CE sE

γ1sE
γ2v1 0 CE cE

γ1sE
γ2v1 0 CE cE

γ2v1 0
0 0 0 DE sE

δ vχ 0 DE cE
δ vχ

EE sE
ε1sE

ε2vχ FE eifE vψ EE cE
ε1sE

ε2vχ 0 EE eieE cE
ε2vχ 0

0 0 0 GE sE
ζ vχ 0 GE cE

ζ vχ


By taking advantage of the VH , the eigenvalues of MEM†E are

m2
e ≈ A2

E sin2 (αE
1

)
sin2 (αE

2 − γ
E
2

) v2
3
2 , m2

µ ≈ B2
U

v2
3

2
,

m2
τ ≈ C2

E sin2 (γE
2 − ε

E
2

) v2
1
2 , m2

E1 ≈ D2
E

v2
χ

2
,

m2
E2 ≈ E2

E
v2
χ

2 + C2
E cos2 (γE

2 − ε
E
2

) v2
1
2 , m2

E3 ≈ G2
E

v2
χ

2
.
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Summary of fermion masses
Conclusions

Family Mass Mass
Up-like Quarks Down-like Quarks

1 u AUsαU−δU
v3√

2
1 MeV d ADsαD−δD

v3√
2

1 MeV

2 c CUsγU−εU
v1√

2
1 GeV s BDsβD−γD

v3√
2

102 MeV

3 t
DUv1√

2
102 GeV b

CDv2√
2

1 GeV

Neutral Leptons Charged Leptons

1 ν1
L 0 —— e AEsαE−δE

v3√
2

1 MeV

2 ν2
L

B2
N2GN2

E2
N2

µNv2
1

v2
χ

1 meV µ
BEv3√

2
102 MeV

3 ν3
L

A2
N2GN1

D2
N1

µNv2
1

v2
χ

1 meV τ CEsγE−εE
v1√

2
1 GeV

Table: Summary of fermion masses.
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